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Abstract
We investigate a cogenesis scenario within the twin Higgs setup which can natu-
rally explain the nature of dark matter, the cosmic coincidence puzzle, little hierarchy
problem, leptogenesis and the tiny neutrino masses. Three heavy Majorana neutrinos
are introduced to the standard model sector and the twin sector respectively, which
explain the tiny neutrino masses and generate the lepton asymmetry and the twin lep-
ton asymmetry at the same time. This twin cogenesis scenario is general and applies
to any viable twin Higgs model without hard Z2 breaking and evading the ∆Neff con-
straint. We demonstrate twin cogenesis in two models: fraternal twin Higgs model, and
neutrino-philic twin two Higgs doublet model, a newly proposed model to lift the twin
neutrino masses with spontaneous Z2 breaking. The MeV scale dark photon ensures
the energy in the twin sector as well as the symmetric component of twin sector par-
ticles can be depleted. The lightest twin baryons are the dark matter candidates with
masses approximately 5.5 GeV, which explain naturally the amount of dark matter and
the visible matter in the Universe are of the same order.
1
ar
X
iv
:2
00
5.
06
47
1v
1 
 [h
ep
-p
h]
  1
3 M
ay
 20
20
1 Introduction
In this work, we discuss a scenario which can naturally explain the nature of dark matter,
the cosmic coincidence puzzle, little hierarchy problem, leptogenesis and the tiny neutrino
masses. In spite of the great success of the Standard Model (SM), there are still number of
remaining puzzles waiting to be solved. First of all, the radiative corrections to the Higgs
boson mass square would inevitably make the Higgs mass huge, up to the Planck scale (or
some intermediate scale) unless there is an extreme fine-tuning cancellation, this problem
is referred to as the hierarchy problem (or little hierarchy problem). Since the SM does
not include right-handed neutrinos, it cannot explain the tiny observed neutrino masses. In
addition, baryon (and lepton) asymmetry in the Universe is also among one of those unsolved
puzzles, usually presented by the ratio of the baryon number density to the entropy density [1]
B/s ∼ 6× 10−10 . (1)
In the SM this ratio is computed to be too small to fit the observation, which indicates the
existence of new physics beyond the SM. On the other hand, SM also does not provide a
dark matter candidate to explain the astrophysical observations. Further one has the cosmic
coincidence puzzle, i.e., the fact that the amount of dark matter and the visible matter in
the Universe are of the same order. More specifically one has [2, 3]
ΩDMh20
ΩBh20
= nDMmDM
nBmB
≈ 5.5 , (2)
which suggests dark matter and baryon asymmetry may have a common origin. This can be
explained by the so-called asymmetric dark matter hypothesis that the dark particles are in
thermal equilibrium with SM particles in the early universe, and their chemical potentials
and thus their number densities are of the same order. Hence, if the mass of the dark particle
is of the same order as the mass of baryons, the cosmic coincidence Eq. (2) can be naturally
satisfied. For a sample of asymmetric dark matter works see [4–7], and for reviews see [8–10].
The null result of new particle searches at the TeV scale from the Large Hadron Collider
(LHC) challenges traditional solutions to the hierarchy problem, which usually predict new
degree of freedom at the TeV scale. The paradigm of neutral naturalness [11–19] addresses
this hierarchy problem by incorporating sub-TeV scale color neutral top partners, which are
much more difficult to be discovered at the LHC. In particular, mirror twin Higgs model [12]
is the prime and first example of neutral naturalness, which introduces a mirror copy of the
standard model particles, referred as the twin sector, charged under the mirror SM gauge
group only. A discrete Z2 twin symmetry between the SM and twin sectors ensures that
the quadratic divergences from the SM gauge bosons and top quark loop corrections on the
Higgs mass-square are cancelled by contributions from the mirror particles running in the
loop. This protects the Higgs mass from radiative corrections up to some intermediate scale
Λ, and thus solves the little hierarchy problem. While this setup is theoretically appealing,
it is difficult to reconcile with cosmological observations. It predicts the light twin neutrinos
and twin photons give too large contribution to the energy density of the Universe at late
times, which has been excluded by the observations of the big bang nucleosynthesis (BBN)
and anisotropies in the cosmic microwave background (CMB).
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This cosmological tension has been alleviated with relaxing the exact Z2 symmetry be-
tween the SM and twin mass spectra. The first proposal was the fraternal twin Higgs
model [20], in which only the third generation of SM fermions was copied in the twin sector
and twin hypercharge was not gauged. Other proposals include imposing hard breaking of
the Z2 symmetry in the Yukawa couplings of the twin sector [21,22], lifting the twin neutrino
masses [23], raising the mass of twin charged particles [24]. All of these solutions allow a
great reduction of number of degrees of freedom in the twin sector at late time, leading to
a suppression of the dark radiation. Dark matter can be naturally accommodated within
these proposals [25–28] and twin baryogenesis was also addressed [29] along this direction.
An alternative approach to resolve this tension is the asymmetric reheating mecha-
nism [30,31] in which the hard Z2 breaking is absent. In general, late asymmetric reheating
can be realized without requiring further breaking of the discrete Z2 symmetry. The late-
time asymmetric reheating would dilute the twin energy density by preferentially heating
up the SM sector rather than the mirror sector, and thus evade the cosmological difficulty.
However, this dilution of twin energy density would cause the problem of the population
of dark matter, and washout any existing matter-antimatter asymmetry prior the low tem-
perature reheating process. This presents a major challenge for such kind of Z2 symmetric
solutions.
In this work, we present a proposal without hard Z2 breaking to resolve the cosmological
tension, also at the same time, addressing the nature of dark matter and generating the
matter-antimatter asymmetry. Inspired by the spontaneous Z2 symmetry breaking mecha-
nism proposed in [32–34], we propose a twin cogenesis mechanism in the neutrino-philic twin
two Higgs doublet model. We introduce three heavy right-handed Majorana neutrinos to
both the SM sector and the twin sector respectively, which explain the tiny neutrino masses
via the seesaw mechanism. Mass mixings at high scales cause all of the six heavy Majorana
neutrinos to couple to both sectors. The CP-violating decay of the Majorana fields gener-
ates the lepton asymmetry in the SM sector and the twin lepton asymmetry in the twin
sector. which is referred to as the scenario of “twin cogenesis”. Cogenesis [35–39] provides
an intriguing scenario that the asymmetric visible matter and dark matter are produced
from the same source, which automatically assigns similar number densities to baryons and
asymmetric dark particles. If the mass of the dark particle is around the mass of baryons,
with the comparable size of the baryon and asymmetric dark matter number densities, the
cosmic coincidence Eq. (2) is naturally explained.
The twin cogenesis scenario is general, which can be incorporated into other twin Higgs
models in which the cosmological tension is addressed. We also illustrate twin cogenesis in
the fraternal twin Higgs setup. In this work, we describe the generic features of the twin
cogenesis and investigate the thermal history in this scenario. Since there is no interaction
exchanging particle asymmetries between the SM and the twin sectors, after the out-of-
equilibrium decay of the heavy Majorana fields, the asymmetries generated in the SM and
the twin sector will then freeze inside each sector. The (twin) lepton asymmetry subsequently
transfers to the (twin) baryonic sector via (twin) sphaleron processes. A massive dark photon
with Stueckelberg mass around 10 MeV kinetic mixing with the SM hypercharge, ensures
the energy in the twin sector can be depleted. In the same way, the symmetric component of
twin sector particles can also annihilate to SM electron-positron pairs mediated by the dark
photon, which guarantees the lightest (asymmetric) twin baryons occupy the vast majority
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of the dark matter. The dark matter consists of twin protons and twin neutrons with masses
approximately 5.5 GeV explain naturally the amount of dark matter and the visible matter
in the Universe are of the same order. Future dark matter direct detection experiments with
better sensitivities have the possibility to test the twin cogenesis scenario with 5.5 GeV twin
baryons as the dark matter.
The paper is organized as follows: In Section 2, we briefly review the mirror twin Higgs
model, and discuss the thermal history of the SM sector and the twin sector under the twin
cogenesis scenario. We also comment on dark radiation problem of the mirror twin Higgs
model in general. In Section 3, we introduce a neutrino-philic twin two Higgs doublet model
as an illustration of the twin cogenesis. A detailed discussion of the twin cogenesis scenario is
carried out in Section 4. Twin cogenesis within the fraternal twin Higgs setup is discussed in
Section 5. In Section 6 we discuss the phenomenology related to the twin cogenesis scenario.
Conclusions are given in Section 7.
2 Thermal history of mirror twin Higgs models
We consider the extension of the SM with a twin Higgs sector [12], which solves the little
hierarchy problem at scale Λ ≡ 4pif ∼ 15 TeV. A Z2 symmetry at high scale introduces
a copy of SM particles, referring to as the twin sector, indicated by “ ′ ”. The twin sector
exhibits SU(3)′ × SU(2)′ ×U(1)′ gauge symmetries, with g′3(Λ) ≈ g3(Λ), g′2(Λ) ≈ g2(Λ) and
g′Y (Λ) ≈ gY (Λ) where g3, g2, gY are the SM gauge couplings respectively. The twin-Higgs
doublet H ′ is introduced to be charged under SU(2)′×U(1)′. In the mirror twin Higgs setup,
the matter content in the twin sector includes three generations of twin-quarks (Q′iL, u′iR, d′iR),
and twin-leptons (L′i, e′iR), where the index i = 1, 2, 3 indicates the generation. These twin
fermions are only charged under mirror gauge symmetries.
In the Higgs sector, the scalar potential, containing the SM Higgs doublet H and the
twin Higgs doublet H ′, preserves an approximate global symmetry SU(4) due to the Z2
symmetry:
Vscalar = −µ2(H2 +H ′2) + λ(H2 +H ′2)2 − δ(|H|4 + |H ′|4) . (3)
Here δ parametrizes the small SU(4)-violating but Z2-preserving radiative corrections from
the gauge groups and the Yukawa interactions. This radiative correction triggers a vacuum
expectation value (VEV) for the twin Higgs boson with 〈H ′〉 = f , and causes the global
symmetry breaking SU(4) → SU(3) with four Goldstone bosons. Therefore, the SU(4)-
symmetric Higgs fields can be re-parameterized nonlinearly as
H ≡
(
H
H ′
)
= exp
(
i
f
Π
)
01×2
0
f
 = f

i sin(
√
h†h/f)√
h†h
h
0
cos(
√
h†h/f)
 '

ih
0
f − 12fh†h
 , (4)
where Π represents the Goldstone matrix, and we identify the SM Higgs doublet hT =
(h+, h0). The SM Higgs becomes a pseudo-Nambu-Goldstone boson, which protects its mass
from radiative corrections.
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To explain the seesaw origin of the neutrino masses and possibly realize the leptogenesis,
it is necessary to introduce the right-handed Majorana neutrinos, which has been discussed in
Ref. [21,23,30,40]. The simplest possibility is to introduce three heavy Majorana neutrinos
Ni with complex Yukawa coupling constants λi. These three Ni are responsible for the
neutrino masses of both the SM and the twin sectors. Since the right-handed neutrinos Ni
are Majorana fermions not carrying any charge, they have the following interactions which
connect the SM and the twin sector,
− L = MijN ciNj + λijεαβN¯iPLLαjHβ + λijεαβN¯iPLL′αj H ′β + h.c. , (5)
where α, β are SU(2) and SU(2)′ indices. However, this simple setup always gives three zero
neutrino masses due to the mass mixing, and thus is not a realistic scenario,1 except for the
fraternal twin Higgs model. In the fraternal twin Higgs model only the third generation twin
fermions are introduced, and thus only the third generation neutrinos are predicted to be
massless using the above setup. After choosing a basis that the heavy neutrino masses are
diagonal, the neutrino Yukawa interactions are written as
− LFTH = MiN ciNi + λijεαβN¯iPLLαjHβ + λi3εαβN¯iPLL′α3 H ′β + h.c. . (6)
which predicts the inverse hierarchy masses and the tau neutrino has zero mass.
To avoid the three zero neutrino masses due to Eq. (5), we introduce three heavy right-
handed Majorana neutrinos Ni (N ′i) to the SM (twin) sector, responsible for the neutrino
masses of the SM (twin) sectors, respectively. The Z2 symmetry does not forbid the mixing
between Ni and N ′i . Thus we expect that both Ni and N ′i are responsible for the leptogenesis
in both the SM and twin sector. The Lagrangian contains the following interactions
−LYuk = MijN ciNj +MijN ′ci N ′j +mijN ciN ′j +λijεαβN¯iPLLαjHβ +λijεαβN¯ ′iPLL′αj H ′β +h.c. ,
(7)
Taking the mass hierarchy M  m  λf , the mass eigenstates and the corresponding
masses are approximately given by
N±i =
1√
2
(Ni ±N ′i) , M±ij = Mij ±
1
2
(
mij +mTij
)
. (8)
It is always possible to choose a basis for the N± where the mass matrix M± is diagonal
with three positive and real eigenvalues. In term of the mass eigenstates N± above the
electroweak symmetry breaking scale, we obtain the Yukawa interactions
− LMTH = M±i N± ci N±i + λijεαβN¯±i PLLαjHβ ± λijεαβN¯±i PLL′αj H ′β + h.c. , (9)
which looks like we introduce two copies of three right-handed neutrinos in Eq. 5, with
slightly different masses M±i and the opposite Yukawa coupling for N−i . Therefore, both
copies of N±i provide the cogenesis for the SM and twin sectors, which will be explored in
detail in Section 4.
1 There are other possible model buildings, which need additional ingredient connects the lepton doublet
L and L′, causing smaller contributes to LHL′H ′ than the ones to (LH)2 and (L′H ′)2.
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Integrating out the heavy states, we obtain the following low energy effective Lagrangian
Leff = λikλkj
Mk
[
(LciH)(LjH) + (L′ci H ′)(L′jH ′)−
(md)k
Mk
(LciH)(L′jH ′)
]
+ h.c. , (10)
where the diagonal matrix md = 12diag
{
(mij +mTij)
}
. These terms generate the neutrino
and twin neutrino masses, and also induce the washout effects after the asymmetries are
generated. The neutrino and twin neutrino masses are obtained as follows
mij ' λik
(
M−1k − (md)kM−2k
)
λkjv
2 , m′ij ' λik
(
M−1k + (md)kM−2k
)
λkjf
2 . (11)
Thus the twin neutrino masses are ∼ f 2/v2 times larger than the SM neutrino masses.
Therefore, these twin neutrinos will be kept in the hidden sector cosmology as the dark
radiation, which brings cosmological problems. Solutions to the dark radiation problem for
twin Higgs models will be discussed at the end of this section.
We now investigate the thermal history of the twin sector in the early universe. Since all
the twin particles are not charged under the SM gauge groups, the twin sector offers dark
matter candidate naturally. With the inclusion of the three heavy right-handed neutrinos,
both the dark matter candidate and the matter-antimatter asymmetry, can be addressed at
the same time. Once the SM particles and the twin sector particles are created in the reheat-
ing phase after the inflation, the SM and the twin sector particles are in thermal equilibrium
with the exchange of the three Majorana fermions Ni. When the temperature drops down,
the three Ni decay out-of-equilibrium, generating a net lepton number in the SM sector and
also a net twin lepton number in the twin sector, as described in Section 4. Now the SM
sector and the twin sector are still thermally connected by the Higgs mediated interactions,
such as (HH†)(f¯ ′f ′), (H ′H ′†)(f¯f) and (f¯f)(f¯ ′f ′), where f, f ′ denote SM and twin sector
fermions. However, these interactions will not exchange the asymmetries generated in the
SM and the twin sectors. Thus after the decay of Ni, the asymmetries generated will then
freeze inside the two sectors. Due to the (twin) sphaleron processes above the (twin) elec-
troweak scale, fraction of (twin) lepton number subsequently convert to the (twin) baryon
number, inducing an asymmetry in the (mirror) SM sector.
As the temperature drops down to around O(GeV), the thermal decoupling between the
SM and the twin sectors occurs once the annihilation and scattering rates mediated by the
Higgs boson fall below the Hubble rate. After the thermal decoupling at temperature Td,
the SM and twin sectors will then evolute independently, with different temperatures T and
T ′ respectively. Assuming separate entropy conservation in both sectors, the temperature of
the twin sector could be determined by
T ′
T
= T
′
d
Td
(
g∗(T )
g∗(Td)
)1/3 (
g′∗(Td)
g′∗(T )
)1/3
, with T < T ′d = Td ' O(GeV) , (12)
where g∗(T ) (g′∗(T )) is the effective number of degrees of freedom, summed over all relativistic
degrees of freedom with weight 1 for a boson and 7/8 for a fermion at a given temperature
T , in the SM (twin) sector. The T ′ typically depends on both the decoupling temperature
and the mass spectra in the twin sector. Possessing relatively higher mass spectra, the twin
sector typically has lower temperature than the SM. If the two sector decouple after the twin
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QCD phase transition, but before the ordinary QCD phase transition, the SM QCD phase
transition is transferred to only the SM thermal bath, while the entropy of the twin QCD
phase transition is released before the two sector thermally decoupled, which makes the T ′
much lower than all other cases. After the twin quark-hadron phase transition, the twin
QCD has chiral symmetry breaking and all free twin quarks are confined into twin hadrons.
At this temperature, the light twin particles include twin hadrons, twin charged leptons,
twin photon, twin neutrinos. Eventually the entropy of light twin particles is transferred
into twin photons and twin neutrinos, which behave as extra radiation components. This is
quantified through an effective neutrino number defined by
Neff = 3
(11
4
)4/3 (Tν
T
)4
+ 47
(11
4
)4/3
g′∗
(
T ′
T
)4
. (13)
Recent measurements on the Planck data gives the bound Neff = 3.05 ± 0.27 at the 95%
confidence level [3].
One of the major issues of the twin Higgs model is the additional number of relativistic
species (twin photon and twin neutrinos) might give too much contribution to ∆Neff . A
generic twin Higgs model contribute too large ∆Neff to agree with BBN and CMB observa-
tions [3], mostly coming from the three twin neutrinos. This tension can be solved in several
different ways:
• The simplest solution is removing the degrees of freedom of twin neutrinos, such as
making the twin quarks vector-like [41], or the fraternal twin Higgs (FTH) setup [20]
in which the twin sector only contains one generation of twin fermion and a single twin
neutrino with ∆Neff ≈ 0.075 is consistent with the current observation. In addition, the
twin photon can also be made massive to further reduce the dark radiation [40,42,43].
• Another simple solution is to raise the mass of the three twin left-handed neutrinos,
such that their contribution to ∆Neff can be removed. This can be done by lifting the
twin sector Yukawa couplings [21,22] or by assigning different Majorana masses to the
right-handed neutrinos from the SM and the twin sectors [23].
• In contrast to lifting the mass of twin neutrinos, raising the mass of twin charged
particles allows twin neutrinos to decouple from the thermal bath at a much earlier
time, about a few GeVs, and thus the twin neutrinos contribution to ∆Neff can be
diluted by other particles leaving the thermal bath afterwards [24].
• Alternatively, the asymmetric reheating provide another solution to this problem. A
late decay of some additional particles dominantly to SM particles after the the twin
sector decouples from the SM sector may dilute the energy density of the twin sector [30,
31].
All the above solutions, except the last one, need an explicit Z2 symmetry breaking in the
fermionic sector. Since the asymmetric entropy release must happen below the two sector
decouples, it is difficult to incorporate the high scale leptogenesis in this mechanism.
As the twin cogenesis scenario is general, any mechanism which can avoid too much dark
radiation without an explicit Z2 breaking, can realize the twin cogenesis. As illustrations, in
this work we will show twin cogenesis in two simple setups:
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• We propose a new model in which a spontaneous Z2 symmetry breaking lifts the twin
neutrino masses above O(MeV), and thus has no contribution to the dark radiation.
• We realize the twin cogenesis in the fraternal twin Higgs setup with only one species
of light twin neutrino which is consistent with the current limit on ∆Neff .
However, to make the twin cogenesis scenario work, just avoiding the additional contri-
bution to ∆Neff is not enough. The light twin states, e.g., twin electrons, or twin taus for the
fraternal twin Higgs setup, will not annihilate and thus would overclose the Universe. Even
for twin neutrinos with lifted masses around a few MeVs, although no longer contributing
to ∆Neff , they are stable and will be the dark matter candidate contributing too much to
the relic density. Thus one needs to have a mechanism to dilute the energy in the twin
sector. This can be achieved by a massive twin photon γ′ kinetically mixing with the SM
hypercharge, which will mediate the annihilation of light twin states to SM particles. To
this end, we introduce a tiny Stueckelberg mass around 10 MeV to the twin photon γ′ such
that the it can decay into SM electron-positron pairs. The detail of mixing will be discussed
in Section 6.
In the new model we proposed in Section 3, the twin neutrino masses are lifted to above
O(10) MeV, and the mass hierarchy in the twin sector can be written as
2mf ′ > 2mν′i > 2me′ > mγ′ > 2me , (14)
where f ′ denotes all other twin U(1)′ charged fermions expect the twin electron e′. As the
temperature drops down, twin muons and twin taus will decay to twin electrons plus twin
neutrinos through twin weak interactions. The second and third generation twin quarks
will also decay to twin up and down quarks through twin flavor mixings. In addition, twin
neutrinos with masses around O(10) MeV, as well as all other heavier twin fermions, can also
annihilate to twin electrons through twin electroweak interactions. With the presence of the
kinetic mixing between the SM and twin hypercharges, twin electron and twin positron will
then annihilate to electron-positron pairs through the resonance production and decay of the
dark photon. In this way, the symmetric component of twin particles can also be depleted
efficiently. Additionally, twin gauge bosons will also decay to light twin sector fermions and
eventually annihilate to SM electron-positron pairs. Therefore, as all heavier twin particles
as well as the symmetric component of twin fermions are removed from the twin sector, the
dark matter candidates in the twin cogenesis scenario are the (asymmetric) twin baryons,
which explains the nature of dark matter and the cosmic coincidence puzzle with f/v ≈ 5.5
as will be explored in details in Section 4.
In the fraternal twin Higgs setup, twin light states as well as the symmetric component of
twin fermions will also annihilate to the SM electron-positron pairs through the dark photon
with a mass around 10 MeV. While in this setup, the twin tau neutrino is light and will
becomes dark radiation but is still within the current limit for ∆Neff .
3 Neutrino-philic twin two Higgs doublet model
In this section, we propose a new model that a spontaneous Z2 symmetry breaking increases
the twin neutrino masses to above O(MeV), such that the twin neutrinos can annihilate to
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twin electron-positron pairs and thus contribute to neither dark radiation nor dark matter
relic density. To this end, we extend the minimal twin Higgs model to the twin neutrino-
philic two Higgs doublet model (twin ν2HDM). In the visible sector, two Higgs doublets
H1 and H2 are introduced as the 2HDM setup, while in the twin sector, two twin Higgs
doublets H ′1 and H ′2 are introduced, mapped into the 2HDM Higgses via the twin parity:
H ′1
Z2−→ H1, H ′2 Z2−→ H2. Imposing the Z2 symmetry, the general tree-level scalar potential
with an approximate global U(4) symmetry reads
Vtree = −µ21|H1|2 − µ22|H2|2 + λ1(|H1|2)2 + λ2(|H2|2)2 + λ3|H1|2|H2|2 +m212
[
H†1H2 + h.c.
]
,(15)
where m212 parametrizes the soft U(4) breaking. The tree-level potential breaks the U(4)
symmetry and obtain the following Goldstone bosons:
Hi ≡
(
Hi
H ′i
)
'

ihi
iCi
fi − 12fh†ihi + iNi
 , i = 1, 2, (16)
where one combination of the Ci and Ni are absorbed by the longitudinal components of the
twin W and twin Z bosons, and the Goldstone bosons hi (i = 1, 2) are identified as the two
Higgs doublets. Details could be found in Ref. [32,33,44].
The fermion assignment in the twin ν2HDM is as follows: the neutrinos and twin neu-
trinos only interact with the second Higgs doublet H2 and H ′2:
−LYuk = MijN ciNj +MijN ′ci N ′j +mijN ciN ′j +λijεαβN¯iPLLαjHβ2 +λijεαβN¯ ′iPLL′αj H ′β2 +h.c. ,
(17)
while all other SM fermions and twin fermions interact with the SM Higgs doublet H1 and
H ′1. Given this fermion assignment, we could calculate the radiative correction on the scalar
potential:
Vloop = δ1
(
|H1|4 + |H ′1|4
)
+ δ2
(
|H2|4 + |H ′2|4
)
+ δ3
(
|H1|2|H2|2 + |H ′1|2|H ′2|2
)
+δ4
(
|H†1H2|2 + |H
′†
1 H
′
2|2
)
+ δ52
[
(H†1H2)2 + (H
′†
1 H
′
2)2 + h.c.
]
, (18)
where δi (i = 1, · · · , 5) parameterize the radiative corrections from the gauge and Yukawa
interactions. For the detailed expressions, we refer to Ref. [32, 33,44].
With all the terms of the scalar potential above, we obtain the VEVs of the two Higgs
doublets
〈H1〉 ≡

0
f1 sin θ1
0
f1 cos θ1
 , 〈H2〉 ≡

0
f2 sin θ2
0
f2 cos θ2
 . (19)
with
θ1 ≡ 〈h1〉
f1
, θ2 ≡ 〈h2〉
f2
. (20)
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From the full potential, the tadpole conditions read
δ1 sin 4θ1 + δ2 tan4 β sin 4θ2 + δ345 tan2 β sin 2(θ1 + θ2) = 0 , (21)
δ1 sin 4θ1 − δ2 tan4 β sin 4θ2 + δ345 tan2 β sin 2(θ1 − θ2)− 4m
2
12
f 21
tan β sin(θ1 − θ2) = 0 .
According to Ref. [33], if m212 is zero, radiative Z2 breaking induces 〈h1〉 = vew and 〈h2〉 = 0,
while if m212 is gradually turned on, the tadpole induced Z2 breaking induces 〈h1〉 ' vew and
〈h2〉 = u. Here we take small m212 parameter and realize the hierarchical vevs f2  f1 
vew  u, e.g., 〈h2〉 ∼ 0.001 GeV while f2 ∼ 2 TeV. We note this hierarchical VEV structure
does not affect the fine tuning level in the twin Higgs model:
∆m =
∣∣∣∣∣2δm2m2h
∣∣∣∣∣
−1
' 2v
2
f 21
, (22)
If we keep the scale f1 to be TeV, this corresponds to around 15% tuning. According to
Eq. 45, the neutrino masses and twin neutrino masses are obtained as follows
mij ' λik
(
M−1k −mdkM−2k
)
λkju
2 , m′ij ' λik
(
M−1k +mdkM−2k
)
λkjf
2
2 . (23)
In this case, the twin neutrino masses are proportional to the SM neutrino masses with the
relation
m′ij '
f 22
u2
mij . (24)
So taking u ∼ 0.1 GeV while f2 ∼ 2 TeV, and assuming nearly degenerate neutrino masses,
we could lift the twin neutrino masses to the MeV scale. Therefore, this model provides a
new way to increase the twin neutrino masses to avoid the ∆Neff constraints.
4 Twin cogenesis for mirror twin Higgs models
As mentioned in Section 2, twin cogenesis scenario is general and applies to any viable twin
Higgs model without an explicit Z2 breaking, in which Yukawa couplings of twin matter
fermions are identical with the corresponding SM fermions’, making this scenario more pre-
dictive and attractive. In this section, we discuss the twin cogenesis scenario for a general
mirror twin Higgs setup with three generations of twin fermions, and we assume for such
models the dark radiation problem is successfully addressed, e.g., the νT2HDM proposed in
Section 3.
Aside from explaining the tiny neutrino masses, the six heavy right-handed Majorana
neutrinos N± i could also generate asymmetries in both the SM and the twin sectors, via
interactions Eq. (9). The CP violations due to the complex coupling λij generate the excess
of Lαi Hβ over L¯αi Hβ∗ and L′αi H ′β over L¯′αi H ′β∗, and thus create a net B − L number in the
SM sector and create a net B′ − L′ number in the twin sector. Since the complex coupling
λij are identical for the SM and the twin sectors, the interactions Eq. (9) generate (almost)
the same amount of asymmetry in both sectors. Hence, the B′ − L′ number created in the
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twin sector is equal to the B − L number created in the SM sector (if the washout effects
are similar in both the SM and the twin sector), i.e.,
B′ − L′ ≈ (B − L) . (25)
After the out-of-equilibrium decay of the heavy Majorana fields N± i, these asymmetries
freeze in both sectors, since there is no interaction transferring the B − L or B′ − L′ excess
between the SM and the twin sectors. The asymmetries generated via the Ni decay would
then pass to (twin) baryons through (twin) sphaleron processes. Once the asymmetry was
generated, the total B − L number is conserved in both the SM and the twin sectors since
the sphaleron processes break B + L while preserve B − L. As mentioned in Section 2,
although interactions between the two sectors are existing, interactions like (HH†)(f¯ ′f ′)
or (H ′H ′†)(f¯f) and (f¯f)(f¯ ′f ′) where f, f ′ denote SM and twin sector fermions, will not
exchange the asymmetries generated in the SM and the twin sectors.
We now turn to the details of the genesis of lepton number asymmetry in the SM sector
as well as the twin sector. The lepton asymmetry is generated from the CP violation decays
of the Majorana field N± i into the left-handed lepton doublet Lj and the Higgs doublet H.
The asymmetry is created by the interference of the tree and loop diagrams, which consist
of a vertex diagram and a wave function diagram [45]. Assuming M2,3 M1 in Eq. (9), the
asymmetry is generated mostly from the decay of N±i . The excess of LαjHβ over L¯αjHβ∗ is
given by [39,45]
N±1
=
Γ(N±1 → LαjHβ)− Γ(N±1 → L¯αjHβ∗)
Γ(N±1 → LαjHβ) + Γ(N±1 → L¯αjHβ∗)
≈ − 38pi
∑
k=2,3
Im
(
λ†λ
)2
k1(
λ†λ
)
11
M1
Mk
, (26)
where we used M+i ≈M−i ≈Mi and we have included both the vertex contribution and the
wave contribution. We have also summed over two channels of the contribution due to the
SU(2) doublets. Since all of the six N±i couple to LiH, the result in Eq. (26) is twice of the
result of leptogenesis models with three heavy right-handed Majorana neutrinos.
Since the asymmetry in the twin sector does not communicate with the asymmetry in
the SM sector, the net B − L number generated in the SM sector is given by the initially
created net lepton number Li and thus
B − L = −Li = −3κ  ζ(3)gNT
3
4pi2 , (27)
where we define
 ≡ N+1 + N−1 ≈ −
3
4pi
∑
k=2,3
Im
(
λ†λ
)2
k1(
λ†λ
)
11
M1
Mk
, (28)
and ζ(3) ∼ 1.202, gN = 2 for the Majorana field N±1 . κ is the washout factor [46,47] due to
inverse decay processes Lαi Hβ, L¯αi Hβ∗ → Ni as well as the 2 → 2 scattering processes. The
washout factor κ is related to the decay parameter K defined below
K ' ΓN1BrN1→LH
H(M1)
' m˜2m∗ , (29)
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where the branching ratio is taken to be 1/2 due to the same Yukawa couplings for both the
SM and twin leptons, and the effective neutrino mass m˜ and equilibrium neutrino mass m∗
are defined as
m˜ =
(
λ†λ
)
11
v2
M1
, m∗ = 8pi
v2
M21
H(M1) . (30)
This parameter characterizes the degree of whether the N1 is out-of-equilibrium when it
starts to behave non-relativistic (K > 1, the strong washout regime) or not (K < 1, the
weak washout regime). In the weak washout limit with K  1, the washout factor κ ' 1
corresponds to the most efficient case. We notice that although both m˜ and m∗ contains
the VEV v, κ only depends on the Yukawa couplings and the lightest heavy neutrino mass
M1. Since the mirror Z2 symmetry implies the same Yukawa couplings for both sectors, we
expect the washout factors in both the SM and twin sector are also the same. A detailed
analysis of the washout effects requires solving Boltzmann equations and thus we leave the
detailed calculation for future work.
To find the relation between the initially generated asymmetry and the current observed
baryon asymmetry 1, an analysis of the chemical potentials for particles in thermal equi-
librium is required, which allows us to compute the current value of baryon number Bf in
term of B − L (since it’s a conserved quantity). For a weakly interacting plasma βµi  1
(β ≡ 1/T ), the asymmetry in particle and antiparticle number densities is given by
ni − ni ∼ giT
3
6 ×
2βµi +O
(
(βµi)3
)
bosons ,
βµi +O
(
(βµi)3
)
fermions ,
(31)
where gi counts the degrees of freedom of the particle, and (−)µi is the chemical potential of
the (anti)particle. Thus the asymmetries of particles being equilibrium in the thermal bath
can be expressed by their chemical potentials, whose relation can be obtained by using the
thermal equilibrium method [7,48,49],
We now investigate the thermal equilibrium in the SM sector along with the evolution of
the Universe. We notice that while B−L in the SM sector are conserved after the decay of the
heavy Majorana fields, the baryon number B is not a conserved quantity. After electroweak
symmetry breaking, the Higgs obtains a VEV, all the SM particles in the thermal bath will
then reach a new thermal equilibrium. When top quark drops out from the thermal bath,
all other particles in the thermal bath will reach a new balance and thus B will change.
Meanwhile, sphaleron processes preserve B − L but break B. After the sphaleron processes
become inactive, B and L are separately conserved in the SM sector down to the current
temperature and correspond to the baryon and lepton number seen today which are denoted
by Bf and Lf .
Thus to find the current baryon number in the Universe, we focus on the temperature
at which the sphaleron processes are just going to go out of the thermal equilibrium. This
happens at a temperature of ∼ 100 GeV which lies below the SM top mass and we assume top
quark have already decoupled from the thermal bath by that time. At this temperature, the
relativistic plasma includes the first two generations of up-type quarks and three generations
of down-type quarks (uiL, uiR, diL, diR), three generations of left-handed leptons (eiL, νi) and
right-handed charged leptons eiR, i = 1, 2, 3, as well as gauge bosons and the Higgs scalar
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h. Neutral gauge bosons Z, photon and gluons, as well as the Higgs scalar h only couple to
two particles with the opposite chemical potential, thus their chemical potentials are always
zero.
The flavor mixings among quarks and neutrinos ensure chemical potentials of the same
type of fermions in different generations are equal. Thus we drop the subscript i indicating
different generations. We will use µuL , µuR , µdL , µdR to denote the chemical potentials of left-
handed and right-handed up-type and down-type quarks, µeL and µν for left-handed leptons,
µeR for right-handed charged leptons, µW for W+, and µh for h. The following processes
give rise to constraints among the chemical potentials: The Yukawa couplings
LYukawa = geihe¯iLeiR + guihu¯iLuiR + gdihd¯iLdiR + h.c. , (32)
give rise to
0 = µh = µuL − µuR = µdL − µdR = µeL − µeR . (33)
Thus, the chemical potentials of left-handed and right-handed fermions are equal. The gauge
interactions involving W bosons (L ∼ Wµf¯γµg + h.c. where f, g are fermions belong to the
same SU(2) doublet) provide us the following relations,
µW = µuL − µdL (W+ ↔ uL + d¯L) , (34)
µW = µν − µeL (W+ ↔ νi + e¯iL) . (35)
The sphaleron processes give us one additional equation,
µuL + 2µdL + µν = 0 . (36)
The neutrality of the Universe requires the total electrical charge to be zero, with no top
quark in the thermal bath
4(µuL + µuR) + 6µW − 3(µdL + µdR + µeL + µeR) = 0 . (37)
Solving these equations we are able to express all the chemical potentials by the chemical
potential of one particle and we obtain the baryon and lepton number B and L for the
temperature regime we focused on
B ∼ 2(µuL + µuR) + 3(µdL + µdR) = −
90
19µe , (38)
L ∼ 3× (µeL + µeR + µν) =
201
19 µe , (39)
where we have dropped the same overall factor in Eq. 31, since we are only interested in
the ratio of B/(B − L). Once sphaleron processes become inactive, the B and L would be
separately conserved, and the ratio of B/(B − L) would then freeze and show the current
baryon asymmetry. Thus, we obtain
Bf
B − L =
30
97 ≈ 0.31 . (40)
The above analysis and the result of Eq. (40) also apply to the case of two Higgs doublet
model, as will be discussed in Section 3. The additional Higgs gets the VEV at a much
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higher energy than the electroweak scale and thus has very little effects to the SM sector.
The charged Higgs from the additional Higgs doublet is heavy and has already decoupled
from the thermal bath long before and thus has no effects to the above analysis.
As for the twin sector of the mirror twin Higgs model, although the twin VEV is about
five times of the VEV in the SM sector, focusing on the temperature regime that the twin
top and twin sphaleron processes decoupled from the twin sector, one arrive the same results,
B′f
B′ − L′ =
30
97 ≈ 0.31 . (41)
Though in the twin sector, the twin baryon number would freeze at a higher temperature
compare to the SM case. For the twin two Higgs doublet model, the second twin Higgs gets
the VEV at a much higher energy than the electroweak scale and has almost no effects at
low energies. Thus the above analysis also applies to the twin sector from the twin two Higgs
doublet model.
Now by using Eqs. (28) and (27), one could further link the current baryon number to
the initially created net lepton number Li as
Bf
s
= 3097
B − L
s
= −3097
135 ζ(3)
4pi4
κ 
gs
, (42)
where the entropy density s = 2pi2gsT 3/45 and gs ≈ 100 is the entropy degrees of free-
dom at T ∼ 100 GeV when the sphaleron interactions become inactive. Using the current
astrophysical constraint given in Eq. (1) we estimate || ∼ 10−6.
The same leptogenesis mechanism applies also to the twin sector. Due to the out-of-
equilibrium decay of N±i , a net twin lepton number L′i was generated and then transferred
to the twin baryon sector through the twin sphaleron processes. The processes generating the
twin lepton number are similar to the processes in the SM sector discussed earlier. We notice
that although there is an additional minus sign for the Yukawa coupling of −λijN¯−i L′jH ′ term
from Eq. (9), this coupling always comes in pairs in the calculation involving N−i and thus
the additional minus signs always cancel out. Thus the result of Eq. 28 also holds for the
twin sector, generating an excess of L′αi H ′β over L¯′αi H ′β∗.
Since the complex coupling λij are identical in the SM and the twin sectors, and under
the assumption that the washout effects in the twin sector are the same as the SM sector,
the initially created lepton number and twin lepton number have a similar amount. Thus a
similar amount of net B′ − L′ number is generated also in the twin sector,
B′ − L′ = −L′i = −
3κ  ζ(3)gNT 3
4pi2 , (43)
where L′i is the initially created net twin lepton number. When the temperature drops down,
after the twin tops decouple from the thermal bath and twin sphaleron processes also become
inactive, the twin baryon number freezes to B′f which was already derived in Eq. (41). Using
Eqs. (42) and (43), one finds in the twin sector the final twin baryon number is approximately
equal to the SM baryon number, i.e.,
B′f ≈ Bf . (44)
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As mentioned in Section 2, the twin fermions, which are heavier than twin electrons, can
annihilate to twin electron-positron pairs through twin electroweak interactions. In this
way the symmetric component of twin matter fermions are removed. Thus we are left with
asymmetric twin baryons in the end as the dark matter candidates. Therefore, if the masses
of twin baryons are compatible with the mass of a proton, the puzzle of cosmic coincidence
Eq. (2) can be naturally explained.
In the full Higgs sector, an approximate SU(4) global symmetry is spontaneously broken
when the twin Higgs obtain a VEV f , and one of the pseudo-Nambu-Goldstone bosons is
identified to be the SM Higgs, which acquires VEV at the measured value v. The other six
degrees of freedom become the longitudinal part of the W±, Z,W ′±, Z ′ gauge bosons. This
pseudo-Nambu-Goldstone boson should be consistent with the Higgs observed at the LHC,
and this places a bound on the twin Higgs VEV f/v ≥ 3 [50]. It is a very natural choice
to take f/v ≈ 5.5 which solves the cosmic coincidence puzzle Eq. (2) automatically. Thus
the mass of twin sector particles are about 5.5 times of the mass of the corresponding SM
particles. Especially, the dark matter candidates are the twin sector protons and neutrons,
with masses ∼ 5.5 GeV.
5 Twin cogenesis for the fraternal twin Higgs model
The twin cogenesis can also be realized in a fraternal twin Higgs setup [20]. The matter
content in the fraternal twin sector includes (left-handed and right-handed) twin top and
twin bottom quarks (Q′, t′R, b′R), twin tau and left-handed twin tau neutrino (L′τ , τ ′R). In this
case we introduce three heavy right-handed neutrinos Ni with complex Yukawa coupling
constants λi (i = 1, 2, 3), which are responsible for the tiny neutrino masses in the SM. For
this case the Yukawa interactions involving the three heavy Majorana fermions Ni are given
by Eq. (6). The neutrino masses are generated from the seesaw mechanism, while the twin
tau neutrino mass requires to diagonalize a 4×4 mass matrix. Assuming the mass of N2, N3
are much larger than the mass of N1, only the mass of the lightest Majorana neutrino N1
plays a role. The neutrino and twin neutrino masses are given by
mij ' λik
(
M−1k
)
λkjv
2 , mν′τ ' |λ13|2
f 2
M21
. (45)
Because of the seesaw mass mixing, the mass of the tau neutrino is always zero.2
The contribution to leptogenesis in the fraternal twin Higgs setup also include the tree
level decay N1 → L′3H ′ interference with the vertex and wave function one-loop diagrams.
In this case Ni only couple to one generation of lepton, and the excess of L′α3 H ′β over L¯′α3 H ′β∗
is given by [39]
FTH =
Γ(N1 → L′α3 H ′β)− Γ(N1 → L¯′α3 H ′β∗)
Γ(N1 → L′α3 H ′β) + Γ(N1 → L¯′α3 H ′β∗)
2 In addition to the three heavy right-handed Majorana neutrinos Ni, one can also introduce a fourth N ′
coupling to L′3H ′, similar to the setup as Eq. (7). In this case there will not be a massless neutrino, and the
analysis would be also slightly different.
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≈ − 316pi
∑
k=2,3
Im(λ213λ∗2k3)
|λ13|2
M1
Mk
. (46)
Thus the B′ − L′ asymmetry generated in the twin sector of the fraternal twin Higgs setup
is given by
(B′ − L′)FTH = −L′iFTH = −
3κFTH FTH ζ(3)gNT 3
4pi2 , (47)
where L′iFTH is the initially created net twin lepton number for the fraternal Higgs model
and κFTH is the washout factor in the fraternal twin sector.
Now we focus on the thermal history of the twin sector for the fraternal twin Higgs
case. After the twin electroweak phase transition takes place, the twin top gets its mass and
gradually becomes non-relativistic and starts to decouple from the thermal bath. At the
same time the twin sphaleron processes become inactive, after which the net baryon number
excess will freeze inside the twin sector. Since there is only one generation of baryon, twin
tops can only decay to twin bottoms without changing the total twin baryon number. Thus
for the case of only one generation, the net baryon number computed when all the twin
sector particles are in thermal equilibrium, will not change all the way down to the current
temperature. In particular, the ratio B′/(B′ − L′) will not change. This is very different
with the case of three generations of fermions discussed in Section 4. In the case of three
generations, when the top decouples from the thermal bath, the sphaleron processes are still
active for the first two generations of quarks and top can also decay to quarks in the first two
generations through flavor mixings, thus the neutrality condition requires the total electric
charge of all charged particles without top quark equal to zero.
Now let’s compute the total baryon number excess in the twin sector. When all twin
sector particles are in thermal equilibrium, particles contributing to the chemical potential
equations are: the left-handed twin quarks and twin leptons (t′L, b′L, τ ′L, ν ′τ ), the right-handed
twin quarks and twin taus (t′R, b′R, τ ′R), and twin W ′± bosons. The chemical potential equa-
tions are
µt′L − µb′L = µν′τ − µτ ′L = µW ′ , (48)
µt′L − µt′R = µb′L − µb′R = µτ ′L − µτ ′R = 0 , (49)
µt′L + 2µd′L + µν′τ = 0 , (50)
6µW ′ + 2(µt′L + µt′R)− (µd′L + µd′R + µe′L + µe′R) = 0 . (51)
With the same overall factor, the baryon and lepton numbers can be written in terms of µτ ′L
B ∼ −2013 µτ ′L , L ∼
43
13 µτ
′
L
. (52)
And thus for the one generation Fraternal twin Higgs sector(
B′f
B′ − L′
)
FTH
= 2063 ≈ 0.32 . (53)
Using Eqs. (42), (47) and (53), one arrives for the fraternal Higgs model,
Bf
B′f FTH
= 189κ 194κFTH FTH
. (54)
16
As discussed above, for the fraternal Higgs model with one generation of twin fermions,
when temperature drops down to the current temperature, we are left with twin bottom
quarks with mass (f/v)mb, twin taus with mass (f/v)mτ , and twin tau neutrinos with
mass (f/v)mντ which will appear as dark radiation. Also as discussed in Section 4, a massive
dark photon with mass ∼ 10 MeV can efficiently deplete the symmetric component of twin
sector fermions to electron-positron pairs. Thus the dark matter candidate in this case is the
twin bottom bound states Ω′b′b′b′ with U(1)′em charge −1, or probably Ω′b′b′b′ bounded with
a twin anti-tau forming a twin atom with total U(1)′em charge 0 [27]. Computations in [51]
shows the mass of mΩbbb ≈ 14 GeV. The mass of twin triple bottom baryon Ω′b′b′b′ is then
approximate to be mΩ′
b′b′b′
≈ (f/v) × 14 GeV. Assuming κFTH is identical to the washout
factor in the SM sector following the discussion in Section 4, and using Eqs. (2) and (54),
we find
f
v
∼ 5.514

FTH
. (55)
Using the experimental constraints on VEVs f/v ≥ 3 [50], the constraint on the fraternal
Higgs twin cogenesis is then given by

FTH
& 7 . (56)
6 Phenomenology
In this setup, the SM sector and the twin sector are connected through three portal particles,
the Higgs boson, dark photon, and the heavy neutrinos. In the early universe, the three
connectors decouple at different scale, and this determines when will the two sectors decouple.
On the other hand, they will also leave traces in different experiments: LHC, low energy
experiments, and possibly neutrino experiments. Among all of these, the neutrino signature
will provide the smoking-gun signature for the twin cogenesis mechanism.
6.1 Higgs signal strength and Higgs exotic decays
The explicit prediction of this scenario is the f/v ∼ 5, which causes observable signal in the
Higgs decays.
The Higgs boson provides connection between visible and twin sector because it couples
to both the SM particles and the twin particles. Due to its pseudo-Goldstone boson nature,
there is a small misalignment between the SM Higgs boson and the pseudo-Goldstone boson,
parameterized by the parameter θ = v/f with cos θ =
√
1− v2ew/f 2 and the electroweak VEV
vew ≡ f sin θ. The tree-level couplings of the Higgs boson to the fermions and bosons in the
SM (twin) sector are altered by a factor cos θ (sin θ) relative to the SM ones. In particular,
the coupling of the physical Higgs boson to vector bosons is given by
LhV V =
[
g2v2ew
2 W
+
µ W
µ,− + (g
2 + g′2)v2ew
4 ZµZ
µ
]
h
vew
cos θ
−
[
g2f 2 cos2 θ
2 W
′+
µ W
′µ,− + (g
2 + g′2)f 2 cos2 θ
4 Z
′
µZ
′µ
]
h
f cos θ sin θ . (57)
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and the Yukawa couplings read
Lhff = iyf f¯fh cos θ − iyf f¯ ′f ′h sin θ + h.c. . (58)
Thus all the SM Higgs production and decay cross sections are modified by a common factor
σpp→h = cos2 θσSMpp→h, Γh→SMi = ΓSMh→SMi cos
2 θ . (59)
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Figure 1: The signal strength in gluon fusion production and subsequent decays to gauge
boson pairs, and the Higgs invisible branching ratio as function of v/f . The bound on the
invisible decay branching ratio is Brinv < 0.26 based on the combined ATLAS results.
There are also exotic Higgs decay channels which contribute to the invisible decay signa-
tures and/or displaced vertex signatures. Given the twin spectrum, the invisible decay rate
into mirror fermions is
Γinv =
∑
f ′=e′,··· ,b′
Γ(h→ f¯ ′f ′) + Γ(h→ g′g′) . (60)
The partial decay width of the Higgs boson into twin fermions is
Γ(h→ f¯ ′f ′) = NC
y2f sin2 θ
8pi mh
[
1− 4m
′2
f
m2h
]3/2
, (61)
where NC is the color factor NC = 3(1) for mirror quarks (leptons). The decay width of the
Higgs boson into twin gluons is written as, via loops involving twin quarks,
Γ(h→ g′g′) = ∑
f ′
y2f ′ sin2 θα′2s m3h
128pi3m′2f
∣∣∣∣∣F1/2
(
4m′2f
m2h
)∣∣∣∣∣
2
(62)
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where the loop function is defined as
F1/2(τ) ≡ −2τ [1 + (1− τ)f(τ)] , (63)
along with
f(τ) =
[sin
−1
√
1/τ ]2, τ ≥ 1 ,
−14
[
log 1+
√
1+τ
1−√1−τ − ipi
]2
, τ < 1 .
(64)
These exotic decay channels dominantly contribute to the Higgs invisible decay.
We calculate various Higgs signal strengths µpp→h→ii = σpp→hBrh→ii/(σSMBrSM) and the
Higgs invisible decay width. Among all the Higgs production and decay channels, the gluon
fusion production and gauge boson pair decay channel is the most precise one, and thus we
will use this channel to put limit on the parameter v/f . The latest ATLAS result on this
channel [52] sets bound on the signal strength µgg→h→ZZ = 0.96 ± 0.1(stat.) ± 0.03(sys.) ±
0.03(th.) from the data at the 139 fb−1 luminosity. A rough bound on v/f smaller than
0.3 at the 95% confidence level could be obtained. The high luminosity LHC will improve
sensitivity of signal strengths to around 4% [53] assuming current uncertainty with 3 ab−1
luminosity. From Fig. 1, we notice that we could probe our prediction on v/f = 0.2 at the
high luminosity LHC run. Finally we investigate the Higgs invisible decay, which is another
distinct signature in the twin Higgs model. According to current LHC searches [54], the
upper limit on the invisible decay branching ratio is set to be Brinv < 0.26. We expect future
experiments such as MATHUSLA and FASER [55–57] could probe the Higgs exotic decay
channels through the displaced vertices signatures.
6.2 Dark photon mixing
The mixings between the SM sector and the twin sector are given by [58]
Lmix = − 2FµνF
′µν − 12(mBµ +m
′B′µ + ∂µσ)2 , (65)
where Fµν and F ′µν are the U(1)Y and U(1)′Y field strengths with corresponding gauge bosons
Bµ and B′µ respectively. The kinetic mixing and mass mixing allow the dark photon to couple
to the SM fermions. In the gauge eigenbasis GT = (B,B′, A3, A′3) of neutral gauge bosons,
the mixing matrices can be written as
K =

1  0 0
 1 0 0
0 0 1 0
0 0 0 1
 , M2St =

m2 + 14g
2
Y v
2 mm′ −14g2gY v2 0
mm′ m′2 + 14g
2
Y f
2 0 −14g2gY f 2−14g2gY v2 0 14g22v2 0
0 −14g2gY f 2 0 14g22f 2
 ,
(66)
where K andM2St are the kinetic mixing and Stueckelberg mass mixing matrices respectively.
A simultaneous diagonalization of the above two matrices allows one to work in the mass
eigenbasis ET = (A,A′, Z, Z ′), where A,A′ are the photon and dark photon fields respec-
tively. To simplify the results, firstly we assume m = 0 such that there is no mixing from
the Stueckelberg sector. Since the dark photon mass ∼ m′ ∼ 10 MeV is much smaller than
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the Higgs or twin Higgs induced mass terms, the Stueckelberg mass matrix M2St can be then
approximately reduces to the two following matrices
M2Twin =
(
m′2 + 14g
2
Y f
2 −14g2gY f 2−14g2gY f 2 14g22f 2
)
, M2StSM =

1
4g
2
Y v
2 0 −14g2gY v2
0 m′2 0
−14g2gY v2 0 14g22v2
 . (67)
From the diagonalization of the twin sector gauge boson mass matrix M2Twin, one recovers
a massless dark photon γ′ and a massive Z ′ with mass mZ′ = f
√
g22 + g2Y /2 for the case
m′ = 0, with the gauge eigenbasis {B′, A′3}. With the presence of the m′2 term, M2Twin
introduce additional mixing between γ′ and Z ′ in the twin sector, which allows the dark
photon to couple to twin neutrinos. Since m′  g2f, gY f , one can approximates the new
mass eigenbasis of M2Twin using the original mass eigenbasis {A′, Z ′} for the case m′ = 0.
More explicitly, one has
A′(m)µ ≈
(
1− m
′2
f 2
2 sin2 2θW
g22 + g2Y
)
A′µ −
(
m′2
f 2
sin 4θW
g22 + g2Y
)
Z ′µ , (68)
where θW is the Weinberg angle, and the massive dark photon now carries a small fraction
of Z ′. Below we will drop the superscript (m) in A′(m)µ . Given the coupling of twin Z ′ to
twin neutrinos
LZ′ν¯′ν′ ∼ g22 cos θW Z
′
µν¯
′
Lγ
µν ′L , (69)
the coupling of the massive dark photon to twin neutrinos can be written as
Lγ′ν¯′ν′ ∼ −m
′2
f 2
sin 4θW
2
√
g22 + g2Y
A′µν¯
′
Lγ
µν ′L . (70)
On the other hand, the simultaneous diagonalization of the kinetic mixing matrix K and
M2StSM with the gauge eigenbasis {B,B′, A3}, gives rise to mixings between the dark photon
with the SM photon and Z boson, which was well-studied in [58].
In this work, we are interested in the coupling of the dark photon couple to SM neutrinos
γ′ν¯ν, and the coupling of the SM Z boson couple to twin neutrinos Zν¯ ′ν ′. To find these
couplings, one needs the fraction of Z in B′ and the fraction of A′ in A3,which are given by
B′ =
[
cosψ sin θW sinφ+ cosφ sinψ + √1−2 (cosφ cosψ sin θW − sinφ sinψ)
]
Z + · · · ,
(71)
B = 1√1−2 (cosψ sinφ+ cosφ sin θW sinψ)A
′ + · · · , (72)
A3 = − cos θW sinψ A′ + · · · , (73)
where · · · denotes other components of B,B′, A3 in terms of either the photon, the dark
photon, or Z gauge boson in the mass eigenbasis, which would be irrelevant for the discussion
here. θW is again the Weinberg angle, and angles φ, ψ are given by
tanφ = −√
1− 2 , tan 2ψ ≈ 2
√
1− 2 sin θW . (74)
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Thus the γ′ν¯ν and Zν¯ ′ν ′ couplings read
Lγ′ν¯ν ∼ −12
(
gY sinφ+
g2
cos θW
sinψ
)
A′µν¯
′
Lγ
µν ′L , (75)
LZν¯′ν′ ∼ − sin 4θW
2
√
g22 + g2Y
sinψ m
′2
f 2
Zµν¯
′
Lγ
µν ′L , (76)
where we have used Eq. (70) and we also dropped terms of order O(2). In Eq. (76) we
find the SM Z boson couple to twin neutrinos with a double suppression O(m′2/f 2)O() ∼
O(10−20), thus we expect the invisible decay of Z → ν¯ ′ν ′ shows very tiny effect. The above
mixings also allows the twin neutrinos annihilating to SM electron-positron pairs through
the resonance production of the dark photon. However, both of dark photon to twin neutrino
coupling and dark photon to SM neutrino coupling are induced by tiny mixings, which make
ν¯ ′ν ′ → e¯e process order of O(10−20) weaker than normal electroweak interactions. Thus the
twin neutrinos can be depleted only via the two-step process, i.e., twin neutrinos annihilate to
twin electron-positron pairs through twin electroweak interactions and twin electron-positron
pairs subsequently annihilate to electron-positron pairs through the dark photon portal. We
also notice that with no mass mixing from the Stueckelberg sector, the massless SM photon
does not couple to hidden sector fermions. Thus the twin sector fermions carry exactly zero
electric charge.
The experimental limits set on the dark photon mixing mostly come from the dark photon
to electron-positron coupling, which is given by
Lγ′e¯e ∼ A′µe¯γµ(v′e − γ5a′e)e , (77)
where the vector and axial couplings can be computed using Eqs. (72) and (73)
v′e =
−3
4
√
1− 2
(
gY sinφ+ gY sin θW sinψ
)
+ g24 cos θW sinψ , (78)
a′e =
1
4
√
1− 2
(
gY sinφ+ gY sin θW sinψ
)
+ g24 cos θW sinψ . (79)
Thus the γ′e¯e coupling is about a factor of O() weaker than the electromagnetic interaction.
Ref. [59] discussed comprehensive bounds on the dark photon couplings. For the O(10) MeV
dark photon, the limit is  . 10−7. The Z ′f¯f coupling (here f denotes all SM fermions),
however, is further induced by the diagonalization of M2Twin matrix, which would be again a
double suppression O(m′2/f 2)O() ∼ O(10−20) compare to electroweak interactions. Given
the mass of Z ′ around 500 GeV, these interactions do not impose any further constraint on
the model.
6.3 Dark matter detections
As mentioned in previous sections, the dark matter would be the lightest dark baryons, i.e.,
twin protons and twin neutrons with masses around 5.5 GeV in the mirror twin Higgs setup.
For the fraternal twin Higgs setup, the dark matter candidate is the twin triple bottom
baryon Ω′b′b′b′ with mass ∼ (f/v)× 14 GeV. Here we will focus on the 5.5 GeV twin baryons
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as the dark matter candidates. Their portal couplings to the SM are through the Higgs and
the dark photon. On one hand since it was produced in early universe asymmetrically, the
indirect detection signature would be sub-dominant. On the other hand, the dark matter
suffers from the direct detection constraints, such as PandaX, XENON-1T, CDMS-lite, etc.
Here we calculate the direct detection rate from the Higgs and dark photon portals.
The direct detection rate from the Higgs portal is estimated to be
σSI =
1
16pi
(
4mχmN
mχ +mN
)2
m2Nf
2
N
v2
1
m4h
m2χf
2
χ
f 2
v2
f 2
, (80)
where the dark matter χ is identified as the twin nucleon in the mirror twin Higgs models.
The effective couplings to the nucleon FN and the twin nucleon Fχ are related to the nucleon
scalar current matrix elements as follows
〈N |mqψqψq|N〉 = fNq mN , 〈N ′|mqψq′ψq′ |N ′〉 = fN
′
q′ mN , (81)
Thus the nucleon effective coupling is calculated to be
fN =
2
9 +
7
9
∑
q=u,d,s
fTq , (82)
and similarly the twin nucleon effective coupling fχ could be estimated accordingly. For the
twin baryon with around 5.5 GeV mass, the nucleon cross-section is estimated to be around
10−48 cm2, much lower than the latest bounds from the XENON-1T result [60].
Since the mass of the dark photon is around 10 MeV, dark matter and nuclear scattering
mediated by the dark photon can be significant. The spin-dependent cross-section due to
the light dark photon is estimated to be
σSI =
1
16pi
(
4mχmN
mχ +mN
)2 G2χG2N
(2mNER +m2γ′)2
, (83)
where the effective couplings to the nucleon are Gp = 2gvu + gvd and Gn = gvu + 2gvd, and
similarly the Gχ for the effective coupling to the twin nucleon. We refer to Ref. [61, 62] for
more detailed analysis. Using the upper bound on the kinetic mixing parameter  ∼ 10−7
from O(10) MeV dark photon searches [59], an estimation shows σSI ∼ 10−44 cm2, which is
just on the edge of sensitivity of the XENON-1T experiment. Thus improved experiments
in the future in the low dark matter mass region with better sensitivities have the possibility
to test twin cogenesis scenario with 5.5 GeV twin baryons as the dark matter.
6.4 Twin neutrino mixing and decay
Given the neutrino Yukawa interactions in Eqs. (7) and (17), the right-handed neutrinos N±
induce the mixing between the SM neutrinos and the twin neutrinos. Let us first work out
the mixing angles between the SM and the twin neutrinos in the mirror twin Higgs model.
According to the Eqs. (7) and (17), the mass matrices in the (νL, ν ′L, N c, N ′c) basis is
Mnv =

0 0 λu 0
0 0 0 λf
λ†u 0 M m
0 λ†f mT M
 , (84)
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where each element contains 3 × 3 matrix for three generations. To diagonalize the mass
matrix, we perform several step rotations: first we rotate theMnv to have the lower 2 × 2
matrix block diagonal, then do further rotation to block diagonal the off-diagonal λ terms,
finally a rotation to diagonal the SM neutrino and the twin neutrino masses. Since the
details are not so relevant here, we just show the estimation of the final expression for the
mixing angle between the SM neutrinos and the twin neutrinos
θνν′ ' λikλ∗kj
uf2
M2k
[
1 +O
(
m2d
M2
)]
+ · · · . (85)
According to the mass insertion technique, there are two mass insertions between the SM
neutrinos and the twin neutrinos, and thus the mixing angles are quite suppressed. Since
we assume mν′ ≥ me, there is only one decay channel for the twin neutrino decay channel
ν ′ → νe+e− via the off-shell Z exchange. Because of the suppression for the mixing angle,
unlike the case in [23, 30] we expect the twin neutrino decay process ν ′ → νe+e− is highly
suppressed. Furthermore, it is also a rare process for the twin neutrino production at the
hadron collider such as the process pp→ W± → e±ν ′.
On the other hand, in the fraternal twin Higgs model, although the mixing angle θνν′
is suppressed with the expression θνν′ ' λikλ∗kj vfM2
k
there are interesting phenomenologies in
this case: the neutrino and sterile neutrino oscillation in the 3 + 1 pattern. The reason that
the 3 + 1 neutrino oscillation could happen is that the twin neutrino only have masses few
times larger than the neutrino masses, and thus it plays the role of the light sterile neutrino.
7 Conclusion
In this work we have investigated the common explanation on the little hierarchy problem,
the origin of matter-antimatter asymmetry, the tiny neutrino masses, the nature of dark
matter, and the cosmic coincidence that the amount of dark matter and the visible matter
in the Universe are of the same order, which is referred to as the scenario of “twin cogenesis”.
We consider the twin cogenesis scenario within the mirror twin Higgs models which solves
the little hierarchy problem. Three heavy right-handed Majorana neutrinos are introduced to
the SM sector and the twin sector respectively to explain the tiny neutrino masses through
the seesaw mechanism. The mass mixing of these six heavy Majorana fields allow their
mass eigenstates coupling to both sectors, and generates the lepton asymmetry and the twin
lepton asymmetry. After the CP-violating out-of-equilibrium decay of the heavy Majorana
fields, there is no interaction exchanging particle asymmetries between the SM and the twin
sectors. Thus the asymmetries generated via the decay of the heavy Majorana fields will
then freeze inside each sector. The (twin) lepton asymmetry subsequently transfers to the
(twin) baryonic sector via (twin) sphaleron processes. Light states in the twin sector will
annihilate to electron-positron pairs through a massive dark photon with Stueckelberg mass
around 10 MeV, which mixes with the SM hypercharge via kinetic terms. In the same way,
the symmetric component of twin sector particles can also annihilate to SM electron-positron
pairs mediated by the dark photon, leaving the the lightest (asymmetric) twin baryons as
dark matter candidates.
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The twin cogenesis scenario is general and applies to any viable twin Higgs model without
an explicit Z2 breaking. We comment in general on the dark radiation problem for mirror
twin Higgs models. We illustrate twin cogenesis using a newly proposed neutrino-philic
twin two Higgs doublet model, where the twin neutrino masses are lifted without breaking
the Z2 symmetry. Twin protons and twin neutrons with masses around 5.5 GeV as dark
matter candidates explain naturally the amount of dark matter and the visible matter in
the Universe are of the same order. We also illustrate twin cogenesis in the fraternal Higgs
setup, in which case the dark matter candidate are the twin bottom bound state Ω′b′b′b′ with
mass ∼ (f/v)× 14 GeV.
Finally we considered various possible signatures and predictions in this scenario. The
first prediction comes from the Higgs couplings, such as the Higgs coupling to the Z pair, are
deviated from the SM prediction around 4%, which could be verified by the future HL-LHC
data. With all existing experimental constraints such as O(10) MeV dark photon searches,
using the upper bound set on the kinetic mixing parameter  ∼ 10−7, the spin-independent
cross-section of the 5.5 GeV twin baryon dark matter scattering off nucleon is estimated to
be 10−44 cm2, which is just on the edge of sensitivity of the XENON-1T experiment. Thus
improved dark matter direct detection experiments in the future with better sensitivities
have the possibility to test the twin cogenesis scenario with 5.5 GeV twin baryons as the
dark matter.
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